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Mars Pathfinder, launching in | december
"96 and landing in July * 97, will demo alow
cost delivery system to the surface of Mars.

1 historical] y, spacecraft that orbit or land on a
distant body carry alarge amount of fuel for
braking. Mars Pathfinder, thrusting only for
navigation, enters dircctly into the Martian
atmosphere, acrobrakes with its acroshell,
deploys a parachute at 10 km above the surface
and, within 100 m off the surface, ignites solid
rockets for final braking prior to deployment of
air bags which cushion touchdown. After
landing, petals open to upright the lander,
exposing solar pancls to the sun.

1 iven though the Jander and rover are
cxpected to last longer, the major objectives of
Mars Pathfinder, demonstrating HIL (Xintry,
1)escent, 1.anding) and lander-rover surface
operations, will occur within the first fcw days,
at which t ime panoramic images of t he surface
will be transmitted and the rover will be
deployed to conduct both mobility testsand
rock composition measurements.

While Mars Pathfinder is primarily an
engineering demo, it accompli shes a focused,
exciting set of science investigations with a
stereo, multi-color lander imager; atmospheric
instrumentation, used as aweather station after
landing; and the rove.r with cameras and the
APX (Alpha Proton X-ray Spectrometer).

This paper feat ures Mars Pathfinder’s
approach to innovative and cost ¢ ffective
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mission accomplish ment, under a development
cost cap. Mars Pathfinder is pathfinding ancw
way of doing business at NASA and J|']. for
small, low cost, 1)iscovery class missions.

Mars Pathfinder Concept

Pathfinder represents adifferent approach to
a Mars lander mission, signaling NASA’s
transition to low cost, fast track missions. Past
missions launched massive space.craft
combinations of landers and orbiters on large
launch vehicles. Viking orbiters carried landers
into orbit prior to release for landing, while
Russian spacecraft relcased their landers prior to
arrival. Al 1 pastlanders relied on orbiter relay
links as the primary communications path and
used R11;"s(Radioisotope Thermoelect ric
Generators) for power.

With a smaller launch mass, Pathfinder
launches from a medium size, IDelta 1 | launch
vehicle, totally self contained: flying onitsown
to Mars, and using adirect link to 1 {arth. Instead
of aR'I'G, the 1 ’athfinder lander is powered by
solar panels and battery.

A centralized system architecture, built
around a radiation hardened, commercial, 32 bit
computer, controls cruise, EDI. and surface
operations.

Communication equipment, housed in the
lander providesup and downlink with 1iarthin
cruise and during surface operations. A
downlink isestablished with 1 iarth to the extent

1= The work described in this paper was performed at the
JetPropulsion 1 .aboratory, California Institulc of
Technology, undera contract with the National
Acronautics and Space Administration.



possible during 1 :D1.. Using a cruise direct
entry approach pioncercd by NASA’s Ames
Rescarch Center, Mars Pathfinder carrics
cnough propellant for trimming the flight path
only. A cruisc deck, with navigation thrusters,
propel lant, star and sun sensors, thermal cent ro]
and amedium gain antennaiscjected from the
capsule containing the lander 24 hours before
EDILL.

On the surface, the rover, supported by the

lander’ s multi-color, stereo camera, provides
access to rocks, and with its close up cameras
and the Al’X, the potential for reading the
history of Mars' geological processes. What
starled out as an enginecring mission primarily,
has turned into a potentially exciting scientific
investigation. With thisin mind the project,
supported by itsPSG (I ’roject Science Working
Group), selected a“grab bag” landing site, 19
Deg. North latitude, 32.8 Deg. West longitude
at Chrysc Planitia, onc that not only satisfied
engincering constraints (low clevation, under
the sun, low wind, rocks less than 0.5 m) but
which is situated at the confluence of two water
channels, with evidence of catastrophic

flow, which may have brought down a variety
of rocks from the highlands.

Mais Pathfinder Challenge

Pathfinder wasinitiated in ' 92, subject to
the following groundrules:
*  Demo alow cost delivery approach to the
Mars surface at tbc '96 opportunity

Carry and deploy a microrover

Accomplish both development and
operations under relatively low cost caps

Fstablish a new way of doing business for
low cost, fast track deep space., robotic
missions

The project, faced t Wo major challenges:
technical and programmatic. In addition to the
normal mission and engincering tasks
associated withimplementing aspace mission,

it had to find away to do it quicker and cheaper,

providing more product for cach $.
For the first challenge, the following
technical trades were madec:
*  Cruise-EDI.-Lander system architecture
1:D1, approach
Relay link vs direct link communications

Battery only vs solar power and bat tery for
the lander power source

Tethered vs untethered rover
Woc quickly adopted tbc Ames dircet entry
approach to avoid the need of carrying a large
supply of fuel to the planet for braking,
acrobraking in the atmosphere instead. Our ent ry
velocity is 7.6 km/sec, compared with 4.6 km/sce
for Viking landers, significantly higher, but
within design limits. Ames has conducted arcjet
testing of the Viking S1 .A-561ablator material to
show that a Viking derivative acroshellusing this
ablator mate.rial can be used for Pathfinder’s
direct entry approach.

The next step dealt with designing a cost
cffective flight system architecture to carry the
lander to Mars. Onc approach studied was the
design of aseparate cruise spacecraft to carry the
lander to Mars. The lander, housed inside the
1:D1. capsule, would be attached to the cruise
spacecraft and released for i1, at t he proper
time. To reduce equipment and cost, the decision
was made instead to build an integrated flight
system around a central computer which
conducted cruisc, D1, and surface operat ions
functions.

This approach is made possible with the use
of apowerful, flight computer which
accomphshes the following functions:

1 ‘ault detection and safing

1 .ander and rover command and telemetry

Cruise attitude control and maneuvers

EDL. sequencing, control

Science data processing

l.ander image compression

For YD1, we studied both active ys passive
approaches, ic a Viking like, 3 axis control,
rocket decelerationvs aRussian li ke, semi hard
impact using air bags and uprighting petals. We
interacted with & lavailable arcas of expertise in
this technology including NASA’s Ames and
l.angley Research Centers, Sandia National 1.abs,
industry, ESA and Russia.

After much deliberation in an August '92
peer review, we sclected the following D1,
approach:

Viking derivative acroshell

Viking derivative disk-gap-band parachute

1X)] > (Hepartment of 1defense) derivative
small solid rockets

Russian/auto industry like air bags



Russian likc uprighting petals

In the Pathfinder trade study, no1iDIL.
approach was singled out as the ultimate. 1 ach
has itsset of advantages and disadvantages.
'The 1°athfinder approach, robust, promi sing
low recurring cost and adaptable to alarge set of
missions, is a unique compilation of
subsystems with significant design heritage,
except that the space qualification of air bags
represents a significant development. Itis
affordable under the cost cap and represents the.
culmination of athorough, but not exhaustive
trade study that had to end quickly to maintain
the fast track schedule.

1 .anding site accuracy is on the order of
200 km x 100 km 3 sigma - good for
deployment of geoscience, metcorology and
seismic stations.

More accurate landings, say for delivery to
a base, will require. a 3-axis, rctro-propulsive
approach, possibly with homing devices and
hazard avoidance. Mars sample return landers
may adjust their final approach, not on why to
avoid hazards, but to actively seek out amore
desirable landing site to accomplish its mission.

Under the cost caps, an orbiter in support
of the Mars Pathfinder lander was clearly not
affordable. The decision was made to build into
Pathfinder a significant direct link capability so
that it could stand alone, not be reliant on
orbiters that may be at Marsfor relay
communications.

"The expense and time associated with the
implementation of a RT'G was judged not
compatible with Mars Pathfinder’s low cost, 3
year development approach. Instead, bat tery
only and solar panels/battery approaches were
studied aslander power options, The solar
pane] with battery approach was sclected
primari 1y for the following two reasons:

abat t cry on] y opt ion could not guarantee
sufficient lander surface ops 1 ifct ime for support
of the rover

in the spirit of Pathfinder’s engineering
mission, demonstrating solar panel performance
on the surface of Mars was decmed an
important engineering objective

NASA’slewis Research Center provides
support onsolarpanel performance in the
Martian surface environment.

In the course of implementing both the

lander direct link and the solar panel power
source, wWc have real ized the following lander
system architecture lessons and technology
needs:

Lessons

the usc of a significant lander dircct link,
powered by solar panels, establishes a limit on
lander miniaturization -- no matter how small the
payload can be made, solar panel area will dictate
lander sizc.

very small landers, exploit i ng emerging
microclectronics, can be achieved using an orbiter
relay link communicat ions approach. T'he flight
of Mars Surveyor small orbiters will provide this
opporlunity.

T'echnology Needs

store and dump techniques for low power
communication links with large transmitter
antennaapcerture, possibly at KaBand
+ efficient, solid state transmitters up to Ka
Band

efficient, lower mass and volume,
chargeable batlerics

We studied both tethered and un-tethered
rover approaches. Tethered, the rover would
remain connected to the lander through awire and
would rely onthe lander for power and computer
processing, and the need for a lander-rover RE
link is climinated. I lowever, atether restricts
rover mobility and wouldrequi rc a more
interact ive rover-l:iinder development. in the
spirit to push to do more for less, a decision was
reached to implement a fully autonomous, non-
tet herd rover. The rover is sc] f-powered using a
solar panel and a primary battery, has its own
computer for data processing and surface
navigation and communicates with the lander
over a 11111, link, adapting a commercial modem
for space usc. Itemploys a6 wheel “rocker-
boogic” mobility approach which provides for a
steady platform while navigating arocky surface.
If the rover was the size of an automobile, then
the rover would be able to move over objects the
size of adining room table.

NASA’s Office of Space Science is
developing Pathfinder. The Advanced Concepts
and 'I'echnology Office teammed wit h t he Space
Science office isdeveloping the Pathfinder rover.



Pathfinder is being performed at JP1.initsin-
house, subsystem mode.

Mars Pathfinder Implementation Strategy

1 *or its sccond challenge, anew way of
doing business, Pathfinder implemented a
speci @ “cheaper, better, faster” project
operating mode, using a“Kelly Johnson” like
skunkworks approach, focusing on a limited set
of objectives, andstreamlining, project
approaches and minimizing burcaucratic
interference.

To land on Mars with arover at low cost,
the Pathfinder project:

. Acquired institutional support priority
within .1 P1.,in particular, inquick formation of
amotivated, projectized, collocated
“skunkworks” team

. Achicved |J@/rent Agreements with
J'], and NASA management, which are
documented in the 1 ’athfinder 1 °roject Plan and
must be maintained

. Acquired supportin kcy EDI.
technologies from Sandia National 1.aboratory
and NASA’s Langley and Ames Research
Centers and industry

.leveraged NASA’s investment inJ)’'] J’s
planctary mission infrastructure, making, cost
c. ffective use of mission design tools, navigation
techniques, multi-mission GDS (Ground Data
System)and MOS (Mission operations System)
capabilities, and the J]']. Flight System Test
Bed

. Balanced usc of available and new
technology, cach application weighed carcfully
asto its contribution to low cost, performance,
and lower risk

. Supported NASA in streamlining the
lander camera AQO (Announcement of
Opportunity) process which led to selection of a
powerfulcamera utilizing the Cassini Huygens
Probe CCD (Charge-Coupled 1 device &
1ilectronics) and its associated electronics

. Pract iced concurrent engincering from
the outsctamong mission, navigation, flight
system, instraments, rover, ground data
system, ops, product assurance, procurement

. Accompli ished car] y proof of concept
testing for 11111, and the rover

. 1S performing car] y interface/functional

testing in the JPL. Test Bed among the flight
system, instruments, rover, flight SW
(Soft ware), GG1)S, MOS scquences

- Will assembly quickly and test
thoroughly. ATL.O (Assembly, Test, .aunch
Operations) begins 18 months be.fore. launch

Pathfinder was funded sufficiently in its 19
month pre-project phase to get a jumnp start on
development, performing the aforementioned
technical trades; completing significant flight
system, rover instruments, G] 3S and MOS
design; and performing detailed planning and cost
estimating. Its design, implementation and cost
estimates were reviewed formally twice inthe
pre-project phase by a Standing Review Board --
tbc July '93 prc-project review being its System
PDR (Preliminary 1)esign Review) and NAR
(Nm-Advocate Rc.view) cquivalent.

At project start in October "93, wec had a
significant segment of the GDS up and ranning,
had performed an:arth-1 .andcr-Rover
uplink/downlink data test and was ready with
long lead procurement documents. T'hree months
afler project start, an Integrated Project Schedule
and a cost update were completed. “1 he
Integrated Project schedule details al key steps
necessary across al project elements for launch
on December 5, 796, including both Pasadena
and 1R (1 iastern Test Range) AT1.0.

‘1 'he cost update reflected changes int he plan
duc to the lossof Mars Observer spares.

With all major procurements initiated, the
baseline Pathfinder development scope is costed
at 146 Mil §, and wc currently hold 25 Mil §
reserves, adding to 171Mil rea year $,
cquivalent to the 150 Mil$ (1Y *9?) cap.
Exploiting the J'], existing multimission
ingtitutional infrastructure has permitted
acquisition of the GDS and MOS for 12 Mil$, a
substantial reduction to that which has been spent
historically at JI’I.. The total allocation for
science and instruments 1S 15 Mil $. The Al'X,
developed for the. Russian Mars 94 mission,
costs 1.0 Mil § plus another 1.0 Mil § for the
APX deployment mechanism. ‘Jim 1 ander camera
is being furnished by the }'1 (] *rincipal
Investigator), cost capped at 5.0 Mil §. Project
management 1S costing 5 Mil$. The largest usc
of funding at 1 14Mil$§ isdire.cted at flight
system development.



The rover isbeing developed for 2.5 Mil §
real year, in addition to the 171 Mil $
Pathfinder development allocation.

Because Pathfinder is probing to do more
for less, the following development prioritics
were established, keyed to mission success
criterta, and wi 11 guide the use of reserves and
dc.scope decisions, if necessary, to stay within
the Cost cap:

Pathfinder 1 level.o]~lllc]If. j'lioljtics

Delivery System to Mars: cruisc and 17121,
Cruise and HDI telemetry instramentation
for realtime and stored telemetry
transmission
a. cruise, cruise separationand 10)1.
critical eventtelemetry
b. g levels in atmosphere and on landing
c. acroshel I temperat urc/pressure
measurements
3. ‘Transmissionof stored 1 {D1.and reatime
lander engineering telemetry as soon as
possible after landing
- 50% mission success -
4. Transmission of asubset of the panoramic
image

N

- 70% mission success -
5. Ldeployment of the Rover and support of
Rover engineering operations
- 90% mission success -
6. Transmission of APX data with APX
deployed against rock and soil by Rover
7. ‘T'ransmission of camerascience data
acquired in daytime, dawn to dusk, for 7
(lays
8. Transmission of camerascience data
acquired in nighttime for’ ? days
9. ‘I'ransmission of stored atmospheric scicnce
(accelerometer, pressure, temperature) data
after landing
10. Transmission of surface measurements of
temperature and pressure for 30 days
11. Transmission of camerascicnce data
acquired in daytime, dawn to dusk, for 30
days
12. T'ransmission of camera scicnee datain
nighttime for 30 days
-100% mission success -

The most important feature of Pathfinder’s
approach is collocation of key team members on
the same floor of one building around the JP1.
Flight System Test Bed. Collocation simplifics
lines of communication and facilities rapid
iteration of requirements and resolution of issues
and problems. Team members from the JPI.
technical divisions remain administratively tied to
their home division, in what is called thc “ soft
projectized mode”, but are responsible to the
project for performance, cost and schedule of
their work packages, not to the divisions. Wc arc
self-containc(i, including product assurance anti
procurement teams collocated with the project.

Oar Project 1ingincering Team (P1i1), with
membership from all project elements, is our
major concurrent enginecring vehicle. P1YT
coordinated Project document development
including tbc Project Plan and lower level
requirements stemming from the Project Plan’s
1 evellrequirements. PET is responsible for
tracking compliance to requircments, for planning
increment a 11/W (11 ard ware) and S/W deliverics
to the JP1. Test Bed for early phased testing, as
capabilitics evolve, and for coordinating the
1 inginecring configuration Controland
Problem/lailure processes. PET aso acts as the
project referee in working “P1T PLEVES”:
problems that impact requirements or have an
impact to other elements of the project. The early
phased testsinthe J']. Test Bed essentially gives
us ahcad starton A*]" 10 with car] y interface and
functional testing in paralle] with developments,
prior to the formal start of AT1.0 in June’95.

Pathfinder is being fabricated, asscmbled and
tested at JP1.. Major contracts have been initiated
for the flight computer, acroshell, parachute and
air bags.

Pathfinder uses the following available
equipment or designs:

* Cassini transponder

* Magellan Star Scanner

* Adcol Sun Scnsors

. Viking heritage acroshell and parachute
designs

. DOD developed RAT rocket s and
altimeter




All flight equipment isbeing subjected to
rigorous inheritance review and space
qualification testing tailored to the Pathfinder
mission regardless of previous testing history.

Pathfinder’s key new technology uses
include:

. A free ranging rover with on-board
autonomous navigation

¢ Rover thermal enclosure

. A solid state X-Band power amplifier

¢« A RAD hardened, commercial flight
computer

. Air bags adapted for usc at Mars

. 1 .ander image data compression

The rover, X-B and power amplifier and
[ i1, in particular the air bags represent the
major developments, and significant work was
accomplished on each of these in the pre-proj et
phase including proof of concept air bag tests at
Sandia, rover mobilit y tests and breadboard
power amplifier development at JJ']..

For the 14D1., comprised of subsystems
with heritage (air hags the exception), the
challenge lies with incorporating these
subsystems into an effective, space qualificd
system. 1 ‘3)1. system demonstration and space
qualificationtesting arc of major importance,
butthey are not onthe critical path relative to
ATLO and can be accomplished largely
independently, in parallel with ATIO.

A*“]'].0 critical path items include the lander
structure, harness, 1> C) WCJ subsystem, Al M
(Atlitude & Information Management subsystem
embodying the flight computer), the flight S'W
and the rover.

We have planncd AT1.0 at one shift per
day, S days per week in Pasadena, and 6 days
per Week at 17TR. We hold 22 wecks of
schedule margin distributed in AT1.0,in
addition to extra shifts and weeckends, the
support cost of which isbookkept asalien on
ICSCIVES.

Pathfinder” Smajor programmaticchallenge

is:

. Accomplishment of both the Pathfinder
and rover developments within their cost
caps. ]'11 and 25 Mil §, real year,
respectivel y.

6

Accomplishing developmentin 3 ycars isa
lesser challenge, especially with the quick start
made possible by the prc-project phase.

1ixceptinl®Y "93 where there arc two,
Pathfinder conducts onc formal review cach year
before aStanding Review Board with the System
CDR (Critical 1 design Review) in September ‘94
the next review. An AT1.0 Readiness Review
conducted in May ' 95 and a pre-ship, MOS
Readiness Review conducted in August '96 arc
the remaining formal reviews before 1 aunch. In
May ' 97, a Surface Ops Readiness Review will
be conducted.

Mars Pathfinder Key Milestones

Project Start 10/1/93
System Critical | design Review 9/94
ATLO Readiness Review 5/95
ATLO Start 6/95

1 .aunch Readiness Review 8/96

1 .aunch period 12/5/96 - 1/3/97
Surface 01'S Readiness Review 5197
1 .anding on Mars 714197
Complete 30 day surface mission 8/97
Find of Mission 8/88
1ind of Project 9/98

Mars is most liartb-like of the terrestrial
plancts and may have supported life. It has
stirred interest and imagination for many decades
and will continue to be the target for human
exploration in the next century. A no less
important objective is communication to the
public of Pathfinder’s exciting robot ic exploration
of Mars, including student interaction with the
mission through I’ath{mder’s 1 iducation Outreach
program. in addition, Pathfinder’s Technology
‘1 ransfer Plan identifies technologies with
commercial spin-off potential.

A single Mars Pathfinder flight system will
be launched to Marsin the period December 4,
1996 to January 3,1997 from a 1)clta 11, landing
on July 4, 1997. The flight system is spin
stabilized during cruise, spinning at 2 rpm, with
the spin axis and medium gain antenna pointed to
earth except for the first few days after launch,




when the spin axis may be pointed closer to the
sun line. After the first 20 days, the sunline
remains within 40 degrees of Earth, and the
carth pointattitude is maintained until Mars

at mosphere ent ry, including cruise t raject ory
maneuvers which are performed in a vector
mode: thrusting along or perpendicular to the
spin axis. All cruise critical events arc
telemetered in real timeto carth.

T'wenty four hours before Mars arrival, t he
flight system, keeping in touch with Earth, will
jettison its cruise stage and enter directly into the
Mars at mosphere, braking with an acroshell,
parachute, small solid retrorockets and air bags.

'The entry velocity is 7.6 km/sec ( 17,100
mph) compared wit h Viking at 4,6 km/sce
which entered from orbit. Mars Pathfinder’s
entry angle is16.7 deg. (90 deg. would be
straight down) and peak atmospheric shock, 25
g's, is encountered at32kim above the surface.
‘The parachute is deployed at Mach 1.8 (900
mph)at J O km, J 00 seconds after atmospheric
cntry.

EDI. engincering telemetry will be
transmitted to Farth in real time to the extent
possible. I3efore chute deployment, earth
remains near the spin axis behind the craft and
communicationto earth is through a Jow gain
antenna at 40 bps. After chute deployment, the
] tarth moves to approximately 90 deg.
from the spin axis including chute swing,
making communications more difficult. At this
time, we willaccomplish carrier presence
detection only. ” EDI., lasting for 5 minutcs,
will be supported with the 70 m most likely
arrayed with avall able 34 m antennas.
Pathfinder lands semi hard at up to 20 m/s
horizonal and up to 20 m/s vertical velocitics.

1 .anding will be limited to <50 g’ susing an air
bag system designed to accommodate 1/2 m size
rocks. The lander tumbles and rolls across the
surface and rightsitself using petals much like
anopening, flower. After opening, the petals
expose solar pancl Sto the Sunfor p owering
surface operat ions.

After landing, the lander will transmit stool
1:D1. data and real time lander and rover
cngineering telemetry first.  Panoramic images
of the surface will be also transmitted to Harth
the first day. ‘J *he. rover willbe deployed as
carly, asthe first day, for start of its surface

operat i0nS. The rover conducts surface mobility
experi ments, images rocks and soiland deploys
the APX on soiland against rocks. While 30 day
and 7 day primary surface missions are planned
for the lander ant] rover, respectivel y, closeto
100% of all lander and rover engine.cring and
science objectives are achieved nominally in the
first few days of surfacc operations. Currently,
no 1 ifc constraint precludes operat ions of the
lander or the rover past their primary mission
requirements.

The Pathfinder scientific payload includes
instrumentation for measuring atmospheric and
landing deceleration; pressure and temperature
during entry and while on the surface; a 12
spectral channel, sterco lander camera for surface
and atmospheric imaging, including imaging
magnectic propertics targets, a wind sock and
support Of rover navigation; and the ro ver-
deployed APX for clemental composition
measurements of rocks and soil. The rover
carries aft and forward cameras for demonst rating
autonomous hazard avoidance and imaging its
local surroundings, soil and rocks, and the
lander.

to Future 1.anders

The combination of Pathfinder‘s development
and opcerat ions experience base wi t h that acquired
by Viking will provide an extensive,
demonst rated set of U.S. capabi Liticsfor futare
Mars landers.

Future landers may be launched to Mars as
early as’98 in the Mars Surveyor or Discovery
1’rograms.  Sonic of these landers will be close
derivatives or smaller versions of Pathfinder. In
addition, further study of small lander
architecture is underway insupport of the. Mars
Surveyor 1 .ander Program. Onc Discovery
proposal is planning to land a ncar Pathfinder
duplicate vchicle at North Pole of Mars. Other
landers will repackage Pathfinder’s centralized
system architecture vsing emerging micro
clectronics and lighter materials to reduce size and
volume. This will have aripplc effect in reducing,
end to end mission cost, in particular in enabling
launches of landers from smaller Jaunch vehicles.
‘These smaller landers will have. afocused science
investigation objective, around one or a few




measurcments, determined by the NASA AO
process.

Mars Pathfinder major contributions to
future 1 anders are designs, developments,
lessons learned, in particular:

. A low cost, fast track project approach

. A Jow cost, robust, entry, descent,

landing system scalable to other missions

. Acroshell, parachute, RAT1), air
bags, uprighting petals can be individually
or wholly used by follow-m missions

. A self-contained flight system

architecture

. Can fly to Mars on its own
. Can communicate directly with carth

. A stereo, multi-color surface imager

. A free ranging, autonomous navigating

rover with instrument placement capability

. Solar powered lander and rover

*  The carrier will be amplitude modulated at this time to

communicatectitical events only such as acroshell, and
chute deployments, RAD firing and air bag deployment.
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